Nematodes belong to one of the most diverse animal phyla. However, functional genomic 1 4 studies in nematodes, other than in a few species, have often been limited in their reliability 1 5 and success. Here we report that by combining liposome-based technology with 1 6 microinjection, we were able to establish a wide range of genomic techniques in the newly 1 7 described nematode genus Auanema. The method also allowed heritable changes in dauer 1 8 larvae of Auanema, despite the immaturity of the gonad at the time of the microinjection. As 1 9 3 1 the door to mechanistic studies in non-model systems. This allows us to ask questions that 3 2 cannot be addressed with well-established genetic model organisms 1,2 . 3 3 3 4
To develop transgene expression protocols for Auanema, we built the expression construct 2 3 8 pAS19, which incorporates an A. rhodensis-specific promoter and 3' untranslated region with Cel-EEF-1A.1 ( Figure S8) . A 926 bp region directly upstream of the predicted Arh-eef-2 4 5
1A start codon was synthesised as a gBlock gene fragment (IDT) ( Figure S9 ). This fragment 2 4 6 1 0 incorporates regions at the 5' and 3' ends that correspond to DNA sequences flanking the 2 4 7
Kpn1 site directly upstream of the turbo RFP coding sequence in Ppa::RFP 48 . Following its 2 4 8 linearisation by digestion with KpnI (Promega), the gBlock gene fragment was inserted into 2 4 9 Ppa::RFP by Gibson cloning according to the manufacturer's instructions (NEB). To further optimise expression in A. rhodensis, the Cel-rpl-23 3' UTR was replaced by a 2 5 2 predicted Arh-tbb-2 3' UTR. A BLAST search of the A. rhodensis genome with Cel-TBB-2 2 5 3 (P52275) identified Arh-tbb-2 (MH124554), which encodes a predicted protein sharing 93% 2 5 4 identity with its C. elegans homologue ( Figure S10 ). A gBlock gene fragment (IDT) was 2 5 5 synthesised, which incorporated a 238 bp fragment immediately downstream of the 2 5 6 predicted stop codon of Arh-tbb-2 ( Figure S11 ). The Cel-rpl-23 3' UTR was removed by 2 5 7 digestion with SacI and EcoRI and replaced with the Arh-tbb-2 3'UTR by Gibson cloning, 2 5 8 according to the manufacturer's instructions (NEB) . For injection, 500 ng/µl of pAS19 were 2 5 9 incubated for 20 min at room temperature with 12% Lipofectamine®RNAiMax reagent (v/v) 2 6 0 (Thermofisher Scientific) and used immediately. Microinjections of A. rhodensis, A. freiburgensis and P. pacificus were conducted using an 2 6 4 IM-300 Pneumatic Microinjector system with an oil hydraulic Micromanipulator (Narishige). Agarose pads for microinjection were prepared by adding a drop of molten 2% agarose (w/v) 2 6 6 in water to the centre of 24 x 60 mm coverslips (Menzel-Glaser). Then a second coverslip 2 6 7 was added quickly on top to produce a thin agarose layer. Once solidified, the top coverslip 2 6 8 was removed and the agarose pad dried on a heating block for 1-2 h at 60 °C. 3 µl of the 2 6 9 required injection mixture were loaded into pre-pulled microcapillary needles (Tritech Research) with an outside diameter of 1.0 mm, an inside diameter of 0.6 mm and a tip 2 7 1 diameter of less than 1 µm. To immobilise nematodes for injection, young adults or dauer 2 7 2 larvae were moved to a small drop of undiluted halocarbon oil 700 (Sigma) on the dried 2 7 3 agarose pad and gently pressed onto it using either a platinum pick or eyelash. Adults were 2 7 4 1 1 injected towards the distal end of each gonad, as close to the tip as possible, using an input 2 7 5 gas pressure of 75 psi, balance pressure of 1.3 psi and an injection pressure of 20 psi. The 2 7 6 injection of dauer larvae was more technically challenging and we found input gas pressure 2 7 7 to be critical. To optimise conditions, we conducted a set of preliminary experiments, with a 2 7 8 gradient of input gas pressures ranging from 50 to 75 psi and an increment of 5 psi each 2 7 9 time. Dauer larvae injected with an input pressure of 70 psi or above did not survive, whilst 2 8 0 those injected with input pressures below 60 psi never exhibited the roller phenotype. Therefore, all further injections of dauer larvae were conducted with an input gas pressure 2 8 2 between 60 and 65 psi. After injection, all individuals were released from the agarose pad by 2 8 3 adding a small quantity of M9 buffer 41 . They were then transferred to standard NGM plates 2 8 4 seeded with OP50-1, for recovery and further analysis. The prepared mixes for CRISPR-Cas9-mediated gene conversion were delivered to free-2 8 8 living female S. stercoralis by microinjection into the syncytial region of the ovary, midway 2 8 9 between the distal tip and the bend, using techniques adapted from C. elegans methodology 2 9 0 35,54,55 . Free-living females were immobilized for injection under drops of halocarbon oil on 2 9 1 dry agar pads made from molten 2% agarose, as described above for A. rhodensis and A. freiburgensis. Glass microinjection needles with inner, outer and tip diameters, as described 2 9 3 for A. rhodensis and A. freiburgensis, were prepared by finely drawing borosilicate glass 2 9 4 capillary tubing with a vertical pipette puller (Model P30, Sutter Instrument, Novato, 2 9 5 California, USA). Mounted worms were viewed with an inverted microscope (Model IX70, Olympus USA) with differential interference (DIC) optics at 400X magnification. Needles containing microinjection mixes were positioned with a micromanipulator (Leitz Wetzlar) and pressurized with nitrogen using a Pneumatic PicoPump microinjector (Model PV80, World Precision Instruments, Sarasota, Florida USA). Injection pressures for free-living female S. 3.5% agarose, were necessary to immobilize iL3 for injection. Also, the internal hydrostatic 3 0 7 pressure of iL3 appeared to be higher than in free-living female S. stercoralis, causing this reason, injection pressures for iL3 were maintained at or below 20 psi. Positioning of the 3 1 0 needle relative to the body of the iL3 was also crucial for the successful injection of S. intestine, and the needle was positioned at a 15° angle relative to the long axis of the worm. Care was taken to penetrate the cuticle of the iL3 as gently as possible, delivering injection 3 1 4 mix into the pseudocoelom, while avoiding contact between the needle tip and the intestine. Both iL3 and free-living female S. stercoralis were demounted immediately after injection by 3 1 6 gentle prodding with a "worm pick" fashioned from 36 gauge platinum wire. Then they were 3 1 7 transferred to drops of water in the centres of standard 60 mm NGM plates with lawns of E. coli OP50 41 . Free-living females and iL3 injected by these methods generally recovered 3 1 9 within 10-15 minutes of demounting. Genomic DNA was extracted from approximately 500 mixed stage worms using the Gentra
Puregene Tissue Kit (Qiagen), according to the manufacturer's instructions but with the 3 2 4 following modification. Collagenase I (Sigma) was added to a concentration of 0.2 % (w/v), 3 2 5 after proteinase K digestion, and samples incubated at 37°C for 30 minutes. The Arh-rol-6.1 3 2 6 locus was amplified with the primers UW159 and UW555 (See Supplemental Table 1 ) and 3 2 7 Q5 high fidelity DNA polymerase (NEB), including the high GC enhancer, according to the (Qiagen) and submitted for Sanger sequencing with primer UW555. 
Lipofection-based methods dramatically improve RNAi efficiency in A. rhodensis, A.
3 3 2 freiburgensis, and P. pacificus
To determine if liposome-based transfection could facilitate RNAi in A. rhodensis and A. Both genes exhibit clear, easy-to-score phenotypes when targeted by RNAi in C. elegans 3 3 6 15,56 . Cel-par-1 encodes a maternally provided serine-threonine protein kinase that is lethality, but only if lipofectamine was included in the injection mixture (Table 1) targeted the Ppa-par-1 gene in P. pacificus (Table 1, Figure S1 ). As with both Auanema 3 5 0 species, injection of Ppa-par-1 dsRNA combined with lipofectamine resulted in high levels of 3 5 1 embryonic lethality in the F1 (Table 1) . Injection of Ppa-par-1 dsRNA or lipofectamine (12% 3 5 2 v/v in water) alone resulted in no embryonic arrest in the F1 (Table 1) . To further test the 62 , and substitution of cysteine for the arginine residue at position 71 results in a dominant 3 7 1 right-handed roller phenotype 47 . Furthermore, the same mutation in a similar gene in P. homologues encoding predicted proteins with the highest level of identity to Cel-ROL-6, Arh-3 7 5 rol-6.1, and Afr-rol-6.1 (62 and 61% identity, respectively), were chosen as target genes for 3 7 6 modification ( Figure S4 ). Although the Cel-rol homologues in each species exhibit a degree 3 7 7 of similarity at the amino acid level (for example, Arh-ROL-6.1 and Arh-ROL-6.2 share 55% 3 7 8 identity), there is significant divergence at the DNA level. Our CRISPR-mediated gene 3 7 9 editing strategy uses target-specific sgRNAs and a 100 bp single-stranded DNA donor in other rol-6-like genes (for example, between Arh-rol-6.1 and Arh-rol-6.2, there are 40/100 3 8 4 1 5 mismatches in the region of the donor fragment and 9/20 mismatches in the gene-specific 3 8 5 crRNA binding region). The inclusion of lipofectamine dramatically improved the efficiency of the Cas9 mutagenesis 3 8 8 at both Afr-rol-6.1 and Afr-rol-6.1 (Table 3, Figure 3 ). Microinjections without lipofectamine 3 8 9 did not result in the roller phenotype in the P0 or the F1 progeny of either species. In contrast, if the same complex mixture was introduced with lipofectamine, we observed a 3 9 1 distinct roller phenotype in 77% of microinjected A. rhodensis P0s and 37% of A. phenotype in the P0s could be followed, as the worm tracks changed from a sinusoidal wave 3 9 5 to a circular pattern ( Figure 3C ), presumably as abnormal collagen proteins encoded by the 3 9 6 edited gene were incorporated into the cuticle. We observed that, in both species, the P0 3 9 7 worms exhibiting the roller phenotype gave rise to F1 progeny with the same phenotype 3 9 8 (Table 3) . To verify that roller progeny were produced across the entire lifespan of the (Table 3 ). Preliminary observations suggested that F1 roller worms went on to produce 4 0 3 broods consisting of 100% roller progeny, leading to the assumption that both alleles of the 4 0 4 targeted gene were edited. To test this, we tracked inheritance of the phenotype by the F2 4 0 5 progeny from 3 independent lines (Table 3) . Each line originated from a single roller P0. In Confirmation of the genome changes in stable Auanema roller lines proved technically 4 1 2 challenging. Although we were able to isolate genomic DNA from roller lines, the DNA was 4 1 3 resistant to PCR amplification, either with primer sets designed to amplify the rol-6.1 locus or 4 1 4 those targeting other genomic regions. In contrast, DNA extracted from either C. elegans 4 1 5 roller lines or wild-type Auanema, readily amplified with all primer sets used, suggesting this 4 1 6 was a specific issue with the Auanema roller lines. Collagen has previously been shown to to a glycine residue at position 70 of Arh-ROL-6.1 (Supplemental Figure S7 ). reproductive life (1,658 F1 progeny, Table 3 ). Thus, we were able to simultaneously induce Table 3 ). To ascertain whether the method could be transferred to parasitic species, we aimed to 4 4 6 induce a mutation in the SSTP-0000742500 gene of S. stercoralis, which encodes a 4 4 7 predicted protein with 45% identity to Cel-ROL-6 ( Figures S3, S4) . A sequence-specific conversion at the conserved residue in SSTP-0000742500 ( Figure 3A , Table S2 , Figure S6 ).
5 0
Lipofectamine-RNP complexes were injected into the body cavities of infective third-stage Figure 3D ). However, as the small number of roller iL3 generated in this 4 5 7 experiment was insufficient to establish a patent infection in susceptible host animals (dogs 4 5 8 or gerbils), it was impossible to ascertain whether the CRISPR-induced edit to SSTP-4 5 9 0000742500 in iL3 could be transmitted to the next generation. To develop transgenic protocols in Auanema, we produced the species-specific expression In preliminary tests, pAS19 was introduced into the gonads of young adult hermaphrodites of 4 6 9
A. rhodensis by conventional microinjection methods. However, no RFP expression was 4 7 0 detected in the F1 progeny from over 100 injected individuals (data not shown). In contrast, 1A.1::TurboRFP the expression was primarily limited to embryonic development (Figure 4 ). The success of functional genomic studies in non-model nematodes has been variable, and 4 8 4 many species seem to resist different methods 21 . By using liposome-based transfection 4 8 5 reagents, we were able to establish RNAi and CRISPR-Cas9 mutagenesis, as well as frequently showed the expected RNAi-or CRISPR-Cas9-induced phenotype within 24 hours 4 9 1 after injection. The progeny of these injected animals inherited the phenotype affecting, in 4 9 2 many cases, 100% of the F1 progeny. Although RNAi and CRISPR-Cas9 mutagenesis are reliable technologies in Auanema, 4 9 5 establishing a robust system for transgene expression has been more challenging. There 4 9 6 could be many reasons for the lack of PArh-eef-1A.1::TurboRFP transgene expression in the 4 9 7 germline of A. rhodensis, which was initially expected based on the homology of Arh-eef- transmitted to the germline tissue, or the transgene may be suboptimal for germline 5 0 2 expression. Indeed, in the individuals we tested, the transgene did not pass from the F1 to 5 0 3 the F2 progeny (data not shown). Future work will aim to produce more stable transgenic important. In C. elegans, for example, the choice for the 3' UTR is critical for driving germline The addition of lipofectamine to the injection mixture not only helped in establishing RNAi in 5 1 2
Auanema but also in P. pacificus. P. pacificus is a nematode model used for evolutionary 5 1 3 studies 71 , for which successful RNAi has been restricted to the silencing of a gene 5 1 4 conferring gain-of-function phenotypes 32,34 . Although P. pacificus, like C. elegans, has a 5 1 5 syncytial germline 72 , this part of the gonad is much smaller and difficult to inject because of 5 1 6 the gonad topology. Therefore, the gain in efficiency on inclusion of lipofectamine may be 5 1 7 due to a better spread of the injection mixture throughout the germline. Our results indicate that injection of CRISPR-Cas9 components with lipofectamine allowed injected with Arh-rol-6.1 CRISPR-Cas9, the entire F1 broods had the expected right-handed 5 2 2 2 0 roller phenotype. The fact that the injected animals generated F1s that segregated the roller 5 2 3 phenotype in 100% of the F2s indicates that the F1s are homozygous for the mutation. We 5 2 4 identified a base pair substitution in Arh-rol-6.1 line 5 which results in conversion of a second 5 2 5 conserved arginine adjacent to the targeted residue. We also succeeded with CRISPR-Cas9 mutagenesis in S. stercoralis, a nematode parasite 5 2 8 of humans and dogs. The fact that the host-dwelling life stages are inaccessible is one of the 5 2 9 many challenges of inducing heritable phenotypes in parasitic nematodes 73 because it is 5 3 0 difficult to deliver the CRISPR-Cas9 machinery to the germlines of the reproductive stages. lipofectamine to the CRISPR-Cas9 injection mixture, we were able to induce a transmissible 5 3 5 phenotype from the injected free-living females to larvae of the F1 generation. Remarkably, 5 3 6
we also observed the expected phenotype in iL3 directly injected with CRISPR-Cas9 nematodes species that lack a reproducing free-living generation by inducing mutations in 5 3 9 the germlines of pre-infective or infective larval stages that would be retained as they 5 4 0 developed to parasitic stage in the host. parasitic nematodes is doubtful. The low numbers of roller S. stercoralis iL3 produced in this 5 4 5 study did not permit an attempt at host passage to ascertain the infectivity of those roller 5 4 6 larvae and the heritability of this mutation and its associated phenotype. Additionally, considering the fast, progressive motility of iL3 of S. stercoralis and many other parasitic pacificus. Results shown are the combined data from at least 2 independent sets of 7 9 7 injections. Results shown are the combined data from at least 2 independent sets of injections. Summary of CRISPR-Cas9 genome mutagenesis in A. rhodensis, A. freiburgensis and S. from 3 independent lines, originating from 3 roller P0 (F1, n= 9, 6 and 7). 
